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Abstract 
Isolated and purified organosolv eucalyptus wood lignin was depolymerized at different 
temperatures with and without mesostructured silica catalysts (i.e., SBA-15, MCM-41, ZrO2-
SBA-15 and ZrO2-MCM-41). It was found that at 300 oC for 1 h with a solid/liquid ratio of 
0.0175/1 (w/v), the SBA-15 catalyst with high acidity gave the highest syringol yield of 
23.0% in a methanol/water mixture (50/50, wt/wt). Doping with ZrO2 over these catalysts did 
not increase syringol yield, but increased the total amount of solid residue. Gas 
chromatography-mass spectrometry (GC-MS) also identified other main phenolic compounds 
such as 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone, 1,2-benzenediol, and 4-hydroxy-3,5-
dimethoxy-benzaldehyde. Analysis of the lignin residues with Fourier transform-Infrared 
spectroscopy (FT-IR) indicated decreases in the absorption bands intensities of OH group, C-
O stretching of syringyl ring and aromatic C-H deformation of syringol unit, and an increase 
in band intensities associated with the guaiacyl ring, confirming the type of products formed.   
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1. Introduction 
Lignin is one of the major organic compounds in lignocellulosic biomass along with cellulose 
and hemicellulose. It consists of several complex and amorphous aromatic compounds, which 
comprise of variously linked phenylpropane units of hydroxyphenyl (H), guaiacyl (G), and 
syringyl (S) (Boerjan et al., 2003; Vanholme et al., 2010). Currently, lignin generated in 
pulping industry is generally utilized as low-grade fuel in industrial burner or boiler. 
Nevertheless, as the concept of integrative biorefinery has been widely proposed, lignin 
conversion to valuable fuels and chemicals is currently being intensively investigated. 
Generally, lignin can be extracted from lignocellulosic biomass using two types of processes: 
sulfur processes and sulfur-free processes (Laurichesse & Avérous, 2014). Sulfur processes 
basically produce lignosulfonate lignins with the use of sulfite and kraft lignins with the use 
of mixture of Na2S and NaOH. Sulfur-free processes generally use organic solvents and 
alkaline solutions, which lead to the production of  organosolv lignins (OLs) and soda lignins. 
Among these, OLs are generally considered to be the highest purity (El Hage et al., 2009; El 
Hage et al., 2010). They show high solubility in organic solvents and are sparingly soluble in 
water due to their hydrophobic nature.  
Technically, lignin is a potential source of mono-aromatic compounds, particularly phenols. 
Nevertheless, due to its complex structure and high molecular weight, it is difficult to 
breakdown into phenol-based compounds in high yields. Recently, various techniques for the 
production of phenol and its derivatives from lignocellulosic materials have been reported 
including solvolysis, hydrolysis, hydrocracking (or hydrogenolysis), pyrolysis, and alkaline 
oxidation (Pandey & Kim, 2011). The fragmentation of lignin into smaller molecules has 
been widely presented in the literature (Kleinert & Barth, 2008; Pandey & Kim, 2011; Wang 
et al., 2013; Zakzeski et al., 2010). Since the weakest bonds in lignin polymers are the α- and 
β-aryl-ether-bond followed by the aryl–aryl bond, thermal hydrodeoxygenation and 
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hydrocracking have often been employed for depolymerization with and without catalyst. For 
the catalytic process, heterogeneous acid catalysts (e.g., sulfided NiMo, CoMo, zeolites or 
amorphous silica-alumina with various compositions such as H-ZSM-5, H-mordonite, H-Y, 
silicate, and silica-alumina) are typically used for hydrolysis and cracking. These processing 
steps are the primary steps necessary for breaking down the C-C bond in the complex lignin 
structure (Guo et al., 2010; Kobayashi et al., 2012; Zakzeski et al., 2012). Several literatures 
(Deepa & Dhepe, 2014; Singh & Ekhe, 2014; Zakzeski et al., 2010) have reported the 
catalytic cracking of lignin to bio-oil via liquefaction in the presence of MCM-41 and H-
ZSM-5 at high temperatures (340-410 ºC). Moreover, it was reported that MCM-41, H-ZSM-
5 and H-mordenite could produce a higher proportion of aromatic compounds than using H-
Y, silicate or silica-alumina due to their higher surface area and acidity, which provides a 
desirable environment for the conversion of long lignin polymer to monomeric phenolic 
compounds. 
In this work, OL was isolated from eucalyptus wood chips by organosolv fractionation (using 
the solvent mixture of methyl isobutyl ketone, methanol and water in the presence of 0.008 M 
H2SO4 as acid promoter), and then further purified by alkali-acid precipitation pretreatment to 
obtain a higher purity organosolv lignin (treated organosolv lignin, TOL). The 
depolymerization of TOL was studied at several temperatures and solvent systems (water and 
methanol-water) with and without the presence of several solid acid catalysts. The evaluated 
catalysts included commercial sulfided NiMo/Al2O3 and mesostructured silicas (i.e., SBA-15 
and MCM-41) as well as mixed-oxide supports (i.e., ZrO2-SBA-15 and ZrO2-MCM-41). 
ZrO2 was chosen as doping element due to its higher stability, while mesostructured silicas 
were selected due to their excellent textural characteristics (e.g., pore volume and surface 
area). Following liquefaction, the depolymerized TOL was separated into an aqueous 
fraction, a residual lignin fraction, and a solid (including char) fraction (Figure 1). The 
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aqueous phenolics fraction and the residual lignin were characterized using gas 
chromatography-mass spectrometry (GC-MS), and the latter fraction was also characterized 
by Fourier transform-Infrared spectroscopy (FT-IR) in order to understand the influence of 
catalyst type, temperature and solvent on product characteristics. 
2. Materials and methods 
2.1 Lignin preparation 
Eucalyptus wood chips (80 g on a dried weight basis), which consisted of 45.4% cellulose, 
21.1% hemicellulose, 30.4% lignin and 3.3% other components (e.g., ash) (Klamrassamee et 
al., 2013), was sequentially fractionated by a ternary mixture of methyl isobutyl 
ketone:methanol:water (25:42:33) in the presence of 0.008 M H2SO4 as acid promoter at 180 
°C for 60 min using 1 L Parr reactor (Parr Instrument, USA). The resulting single phase 
liquor was treated with water and a total of 10.7 g OL (a recovery of 44.2% compared to 
initial total lignin) was isolated (Klamrassamee et al., 2013). The fractionation was conducted 
in duplicate to prepare enough OL for the following experiment. The OL sample was purified 
using an alkali-acid precipitation process. In detail, 20 g of OL was placed in a 600 mL 
beaker, to which 2 M NaOH was added drop-wise until maximum dissolution was achieved. 
The mixture was warmed at 35 °C in a water bath for 30 min. The base-soluble lignin was 
then separated from the insoluble material by filtration on a Whatman No. 52 filter paper. 
The residual base insoluble lignin was washed (4 × 400 mL distilled water) until a neutral 
filtrate was observed and kept at 4 oC for overnight. To the base-soluble lignin heated to 35 
oC, 2 M H2SO4 was added drop-wise to a pH of 5.5. At around this point the appearance of 
the mixture began to change from dark black to murky brown, as a result of the initial stage 
of lignin precipitation. The mixture was stirred for 20 min and thereafter further acid was 
added until pH 3.  The mixture was then transferred to a water bath and heated at 65 oC and 
continuously stirred for 30 min. The precipitated lignin was recovered by vacuum filtration 
6 
 
and washed with hot water (70-80 °C). The washed lignin was dried in a vacuum oven at 45 
°C overnight to give TOL (Mousavioun et al., 2010). A total of 17.0 g TOL was recovered 
with a TOL yield of 85.0% compared to the initial 20.0 g of OL. The TOL sample has the 
following composition: acid insoluble lignin 93.14%, acid soluble lignin 0.10%, total 
carbohydrates 0.32% (glucan 0.01%, xylan 0.29% and arabinan 0.02%) and ash content 
0.04% based on the standard NREL analysis method (Sluiter et al., 2010). The total content 
was only 93.6%. It is unclear why the total content was 6.4% lower than 100%, but possibly 
due to the presence of extractives which were not determined in this study. Similar results 
were obtained with lignins recovered from acid-catalysed ethylene glycol and acid-catalysed 
ionic liquid pretreatment processes (Moghaddam et al., 2014).    
2.2 Catalyst preparation and characterization 
SBA-15 was synthesized by using tetraethyl orthosilicate (TEOS, Sigma-Aldrich, USA) as 
silicon source and Pluronic P123 (Sigma-Aldrich, USA) as surfactant template. The solution 
of Pluronic P123 was heated before dispersing in 0.1 M HCl. After stirring, TEOS was 
slowly added and continuously stirred for 24 h. The mixture was then kept in autoclave at 
120 °C for 72 h. The precipitate was filtered and washed with deionized water until pH 5.0. 
Then, it was dried at 105 °C overnight and calcined in air at 600 °C for 6 h. For MCM-41 
synthesis, cetyltrimethylammonium bromide was dissolved in NaOH solution, followed by 
drop-wise addition of TEOS. The mixture was vigorously stirred and heated to 80 °C for 2 h. 
Subsequently, the product powder was isolated by filtration, washed with water and 
methanol, and then freeze dried. Finally, it was calcined under the same condition as SBA-15. 
Mixed oxide ZrO2-SBA-15 and ZrO2-MCM-41 were prepared by incipient wetness 
impregnation of either SBA-15 or MCM-41 with solutions of zirconium (IV) propyloxide 
(Sigma-Aldrich, USA) in ethanol (Sigma-Aldrich, USA). It is noted that the weight loading 
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ratios of ZrO2/SBA-15 and ZrO2/MCM-41 were varied from 1/3 to 1/1. The samples were 
dried and calcined in air at 600 °C for 6 h. The specific area and pore size of these catalysts 
were determined by the Brunauer-Emmet-Teller (BET) method using Micromeritics ASAP 
2020 (BEL Japan, Tokyo, Japan). The acid properties were analyzed by temperature-
programmed desorption technique (TPD). The TPD experiments were carried out using a 
flow apparatus; the catalyst (0.1 g) was treated at 500ºC in helium for 1 h and then saturated 
with 15% NH3/He mixture after cooling to 100 ºC. After purging with helium, the sample 
was heated to 700 ºC under helium, and the amount of acid site on the catalyst surface was 
calculated from the desorption amount of NH3, which was determined by measuring the areas 
of the desorption profiles obtained from the Chemisorption System analyzer. These 
physicochemical properties of all catalysts are presented in Table 1. 
 2.3 Lignin depolymerization   
The depolymerization reaction was carried out in a SS 316 stainless steel small tube reactor 
(3/8 inch O.D. and 12 cm. length), from which 35 mg of TOL was mixed with 2 mL of water 
or methanol with and without the presence of a solid catalyst. The reactor was loaded into a 
heated sand bath at 200, 250, 300, and 350 oC for 60 min. At the end of the time, the reactor 
was removed and immersed in a room temperature water bath to quench the reaction. The 
product mixture was fractionated using a separation sequence described in Figure 1. In the 
first step, solid and liquid products were separated by centrifugation at 2000 rpm for 10-15 
min. The solid phase was washed with distilled water mixed with tetrahydrofuran (THF). The 
THF-insoluble fraction contains the solid catalyst, high-molecular-weight products, and char 
(Nguyen et al., 2014; Toledano et al., 2012). The THF-soluble fractions containing a majority 
of the lignin residue (Nguyen et al., 2014; Toledano et al., 2012) was recovered after THF 
vaporization under vacuum at 45 °C, and weighed. The liquid phase was acidified to a pH of 
2.5 with sulfuric acid (1 M) with slow stirring and then cooled to 0 ºC. In this process, 
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inorganic compounds (e.g., sodium sulfate) were precipitated out as solids and were 
separated by filtration. The aqueous phase was passed through a column containing 
macroporous resin (DA201-C, Suqing, China) until a clear solution (almost colorless) was 
obtained. The phenolic products that were adsorbed on the resin were eluted with hot ethanol 
(70-80 ºC). The phenolic solution (light yellow) was filtered through a 0.45 µm syringe filter, 
and was vacuum-dried at 45 °C to remove solvents and to recover phenolics. The phenlic 
solution was also characterized by GC-MS. The yields of the all dried fractions (aqueous 
fraction, residual lignin fraction and solid fraction) were determined gravimetrically and the 
yields were calculated in comparison to initial TOL weight. 
2.4 Product analysis 
GC-MS was used to characterize the phenolic products. The GC-MS system (Agilent J&W 
GC Columns 6890 app Hephaestus) was equipped with an Agilent 19091Z-012 capillary 
column (23.9 m × 0.32 mm × 0.17 µm; Agilent, USA). The temperature program of the oven 
was started at 90 ºC for 10 min and then heated up at 3 ºC/min to 250 ºC. The NIST (National 
Institute of Standards and Technology) library of mass spectroscopy was used for 
identification of the compounds). The products were quantified using the calibration curves 
of a number of lignin depolymerization products (syringol, phenol, guaiacol, 1-(4-hydroxy-
3,5-dimethoxyphenyl)-ethanone, 4-hydroxy-3,5-dimethoxy-benzaldehyde, benzoic acid, 1,2-
benzenediol, etc.).  
FT-IR spectra of the residual lignin samples was obtained in attenuated total reflectance 
(ATR) accessory mode on a Nicolet 5700 Diamond FT-IR spectrometer (Madison, WI, 
USA). The spectra were manipulated and plotted using the GRAMS/32 software package 
(Galactic Industries Cooperation, Salem, NH, USA). The measurement resolution was set at 4 
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cm-1 with a mirror velocity of 0.6329 cm/s, and the spectra were collected in the range 4000-
650 cm-1 with 64 co-added scans.  
3.  Results and discussion 
3.1 Effect of catalyst on lignin depolymerization 
Firstly, the depolymerization of TOL with and without catalyst was performed at 250 ºC for 1 
h with an initial pH of 7 and a reactor pressure of 1 bar (atmospheric pressure). It was found 
that the decomposition of TOL generated three main products: aqueous phenolic compounds 
fraction, residual lignin, and a solid fraction (containing char). The gaseous products 
generated from the reaction were not determined. Figure 2 shows the proportion of the 
aqueous fraction, the residual lignin and solid residue. Although the presence of catalyst 
increased the proportion of the total phenolic compounds by a maximum of only 1.8%, the 
solid residue fraction decreased significantly with MCM-41 and SBA-15. This could be 
because the acidity of these mesostructured silica catalysts prevents char formation and 
promotes cleavage of the main linkages of lignin (i.e., β-O-4 and α-O-4) (Table 1). There was 
almost no solid fraction left with SBA-15. Without catalyst, comparable amounts of residual 
lignin and solid fraction were obtained. The total amount of the three fractions obtained with 
water is 87.2%, lower than the amounts obtained with the catalysts (88.1-98.0%), which is 
possibly mainly due to the formation of gaseous products during the reaction and the 
formation of organic acids in aqueous phase (in phenlics and lignin-free liquid shown in 
Figure 1). Three catalysts MCM-41, SBA-15 and NiMo/Al2O3 gave similar amounts of 
aqueous fraction, whereas doping with ZrO2 did not increase the amount of aqueous fraction. 
Although, NiMo/Al2O3 gave the highest proportion of aqueous fraction, the post-reaction pH 
of the solvent reduced to 3.5, but did not change (pH 7.0) for the other catalysts. The change 
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in the final pH may be due to leaching of NiMo/Al2O3 and the formation of organic acids 
from lignin degradation. The leaching process would lead to deactivation of the catalyst.  
Table 2 shows the yields of the phenolic compounds in the aqueous fraction and syringol in 
the residual lignin fraction at 250 °C. It is known that hardwood lignin contains mainly 
guaiacyl and syringyl units (Pu et al., 2011).  The use of mesostructured silicas resulted in the 
formation of diversified products including syringol as well as small amounts of butylated 
hydroxtoluene, 4-hydroxy-3,5-dimethoxy-benzaldehyde, 1-(2,4,6-trihydroxy-3-
methylphenyl)-1-butanone, and benzoic acid although not all these monomers were detected 
in the same reaction. In addition, guaiacol was not detected possibly due to the selectivity of 
the liquefaction process. Besides increasing the proportion of aqueous fraction (Figure 2), the 
presence of the catalysts also increased the proportion of syringol in the residual lignin. The 
increase in syringol and other phenolic monomers in the aqueous fraction was accompanied 
by the decrease in 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone. The highest syringol yield 
in aqueous fraction was achieved with MCM-41 catalyst while the highest syringol in 
residual lignin fraction and the highest total syringol were achieved with SBA-15 catalyst. 
The total syringol yield with MCM-41 and SBA-15 are 6.58% and 7.28% respectively. The 
use of MCM-41 and SBA-15 catalysts significantly increased the syringol content from 
25.9% (without catalyst) to 58.5% and 47.1% respectively in the aqueous fraction and from 
1.2% (without catalyst) to 3.1% and 4.5% respectively in the residual lignin fraction (data not 
shown). 
The residual lignin fraction was also characterized by FT-IR spectroscopy in the 
wavenumbers region of 4000-700 cm-1. As shown in Supplementary Figure 1, the intensity of 
the band at 3445 cm-1 assigned to OH groups (Boeriu et al., 2004) is present in the starting 
lignin material, the residual lignin from the reaction without a catalyst, the residual lignin 
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from the reactions with MCM-41 and SBA-15; but absent in the spectra of residual lignins of 
NiMo/Al2O3, ZrO2-MCM-41, and ZrO2-SBA-15. This may be due to the fact that the use 
NiMo/Al2O3, ZrO2-MCM-41, and ZrO2-SBA-15 result in strong oxidation and the 
degradation of the aliphatic chain of phenyl propane units of lignin (Casas et al., 2012). 
Moreover, the decrease of the intensity of the band at 1225 cm-1 assigned to 2nd OH group 
also confirms the loss of OH group during depolymerization process (Zhou, 2014). For the 
absorption of the C-H stretching in the methyl and methylene groups (around 2950 and 2820 
cm-1) (Boeriu et al., 2004), increased during the depolymerization reaction of all the samples 
(Bai et al., 2013). The intensity of band at 1715 cm-1 associated with carbonyl stretching in 
unconjugated ketones and conjugated carboxylic groups decreased, and was observed in all 
samples. The aromatic skeletal vibration bands of 1600, 1500, and 1426 cm-1, typically found 
in lignin (Bai et al., 2013; El Mansouri & Salvadó, 2007) were relatively smaller for the 
samples derived from NiMo/Al2O3, ZrO2-MCM-41, and ZrO2-SBA-15. For the TOL sample, 
the absorption bands of C-O stretching of syringyl ring (at 1325 cm-1) and aromatic C-H 
deformation of syringol unit (at 1120 cm-1) were stronger than those of stretching of guaiacyl 
ring (at 1265 cm-1). This is due to the strong predominance of the syringol unit in isolated 
lignins from woody eucalyptus (Beauchet et al., 2012; Ibarra et al., 2005). After 
depolymerization, the absorption bands of C-O stretching of syringyl ring and aromatic C-H 
deformation of syringol unit decrease, whereas the intensity bands of stretching of guaiacyl 
ring increases. This is in good agreement with the GC/MS results, which detected syringol as 
the main product from the reaction (Rencoret et al., 2011; Zakzeski et al., 2012). 
It has been reported that doping of ZrO2 on MCM-41 or SBA-15 improved the catalyst’s 
thermal stability and surface acidity when combined with anions such as sulfate (Salas et al., 
2005). From the study, it was found that doping of ZrO2 on MCM-41 and SBA15 did not 
appear to promote the depolymerization reaction, and as a consequence the amount of solid 
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residue from these reactions increased compared to those without ZrO2. This possibly was 
due to significant reduction in surface area, total acid sites and density of acid sites with 
doping of ZrO2 (without incorporation of other anions such as sulfate) as shown in Table 1. 
On the basis of the reaction studies, it seems that the Bronsted acid property of the catalysts is 
closely related to the catalytic activity toward lignin depolymerization reaction. The main 
linkages between lignin are α- and β-aryl-ether-bonds, which are readily cleaved during 
degradation of lignin in the presence of high acidity catalysts. MCM-41 and SBA15 gave the 
highest yields of phenolic products and they are relatively stable compared to NiMo/Al2O3 
they were chosen for further analysis. 
In summary, depolymerization of lignin with these catalysts is an acid-catalysed process. 
Cleavage of α- and β-aryl-ether-bonds in lignin led to the production of syringol and other 
compounds. MCM-41 and SBA-15 gave the highest yields of phenolic products whereas 
doping ZrO2 decreased the depolymerization process possibly due to the reduced number of 
available acid sites. As a result, MCM-41 and SBA-15 were chosen for further study.  
3.2 Effect of reaction temperature 
The effect of reaction temperature on the yield of phenolics in the presence of MCM-41 and 
SBA 15 were studied at a fixed reaction time of 1 h. Results from Figure 3 show that the 
reaction temperature have an impact on TOL conversion, the proportions of aqueous fraction, 
and residual lignin and solid residue fractions. The proportion of the solid residue was highest 
at 200 °C for both catalysts. This is possibly due to the formation of THF-insoluble high 
molecular weight compounds. The total mass balance of the main fractions considerably 
decreased to less than 80% (referred to initial TOL) at 350°C. This could be due to a higher 
proportion of gaseous products at high temperature and the formation of organic acids from 
the side chain of phenolic propanoid units (Barbier et al., 2012; Beauchet et al., 2012; Kang 
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et al., 2013; Roberts et al., 2011). The yields of the solid residues increased at 350 °C 
compared to those at 250 and 300 °C, possibly due to the formation of char. 
The amount of the aqueous fraction increased to a maximum (9.7%) with MCM-41 at 350 
°C, but the maximum (7.0%) was achieved at 300 °C for SBA 15 (Figure 3). The amount of 
aqueous fraction generally increased with decrease in the total solid (including residual 
lignin) (Figure 3).  This may be related in part, to the fact that increasing the reaction 
temperature promotes the rate of breaking down the main linkages (β-O-4 ether bonds) in 
lignin to monomeric units (Deepa & Dhepe, 2014). However, working temperatures above 
300 °C can result in decomposition of phenolic products to organic acids and char formation 
(Barbier et al., 2012; Kang et al., 2013). It was revealed that ether linkages in syringyl units 
(mainly α- or β-O-4 bonds) were readily cleaved during depolymerization reaction at high 
temperatures. The addition of MCM-41or SBA-15 may have inhibited condensation reactions 
and increased the amount of phenolics formed. However, re-polymerization and cross-linking 
between the reactive sites of the phenolics and the side chains of the degraded lignin could 
occur at high temperatures, hence increasing char formation (Roberts et al., 2011). The char 
formed could deposit on the surface of solid catalyst leading to a decrease of the specific 
area, and loss of active sites (Kang et al., 2013).  
Table 3 shows the yields of monophenols including syringol in the aqueous fraction, and the 
yield of syringol in the residual lignin. In general, at the reaction temperature of 200 ºC, only 
trace amounts of syringol were detected; with increasing temperature from 250 ºC to 300 ºC 
C, the yield of 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone decreased, whereas syringol 
yields increased significantly, then remained unchanged with MCM-41 but decreased with 
SBA-15 at 350 ºC. On the basis of this study, the highest syringol yields with MCM-41 and 
SBA-15 were achieved at 300 ºC, which were 15.1% and 18.8% respectively. Furthermore, 
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as shown in Figure 4, increasing the reaction temperature from 200 ºC to 250 °C significantly 
increased the syringol content in aqueous fraction. Further increase in temperature to 300 °C 
did not increase the syringol content in aqueous fraction with MCM-41, but increased to 
90.3% at 300 °C with SBA-15. The syringol contents in residual lignin fractions increased 
with increasing reaction temperature. The highest syringol contents in residual lignin were 
achieved at 350 °C with both catalysts. 
From the GC/MS analysis results (Supplementary Figure 2(a)), the main monomeric phenolic 
components present in the aqueous fraction from the reaction at 300 ºC in the presence of 
SBA-15 are syringol, guaiacol, 1,2-benzendiol, 1,2,4-trimethoxybenzene, benzoic acid, 5-
tert-butylpyrogallol, and 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone. It seems that 
guaiacyl and syringyl structural lignin units are the precursors for the primary products from 
lignin depolymerization. For the phenolics in the residual lignin, as shown in Supplementary 
Figure 2(b), the dominant peak is syringol with a yield of 12.4% compared to TOL (Table 3) 
and a content of 15.3% in residual lignin fraction (Figure 4).  
3.3 Effect of solvent system 
The use of alcohol-water solvent mixture has been reported to limit diffusion effects in lignin 
depolymerization since lignin shows high solubility in polar organic solvents (e.g., methanol-
water mixture and ethanol-water mixture) (Deepa & Dhepe, 2014). In this study, a methanol-
water solvent system (methanol/water weight ratio of 50/50) was used to investigate the 
influence of solvent on the phenolic product yields and syringol contents. Figure 5 shows the 
compound distribution after reaction in methanol-water mixture. The amount of aqueous 
fraction increased slightly, while the amount of solid residue decreased compared to the water 
system. As shown in Table 4 and Supplementary Figure 2, several phenolic monomers were 
formed in aqueous fraction and the composition was different to that with aqueous fraction 
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derived in water alone (Supplementary Figure 2). Compared to water as a solvent (Table 3 at 
300 °C), syringol yields increased in both aqueous fraction and in residual lignin. The total 
syringol yields with MCM-41 and SBA-15 were 20.4% and 23.0% respectively, 4-5% higher 
than those with the reactions in water. The mass balance data is shown in Figure 1 with SBA-
15 as an example. Given that 100.00 g TOL is depolymerized, a total of 23.03 g syringol can 
be produced (i.e., 7.19 g syringol from 9.97 g aqueous fraction and 15.84 g syringol from 
81.26 g residual lignin fraction). As shown in Supplementary Figure 4, the syringol content in 
residual lignin with MCM-41increased from 11.9% (water) to 17.8% (methanol/water 
mixture) and with SBA-15 increased from 15.3% (water) to 19.5% (19.5%). The syringol 
content in aqueous fraction with MCM-41 increased but decreased with SBA-15. The 
syringol contents in aqueous fraction and residual lignin fraction with SBA-catalyst and 
methanol/water solvent were 72.1% and 19.5% respectively. 
Previous studies have reported the production of monomeric phenols such as guaiacol (1.7-
10%), resorcinol (0.5-1.2%), pyrocatechol (1.3-4.9%), 4-ethylphenol (0.13-3.1%), 4-
ethylguaicol (0.06-1.4%), 4-propylguaiacol (7.8%), and 4-methylguaiacol (5%) from a 
number of lignins with different heterogeneous catalysts such as supported metal catalysts, 
Al2O3 and SiO2-Al2O3 (Pandey & Kim, 2011; Wang et al., 2013; Zakzeski et al., 2012). 
Based on understanding, however, no study has reported the production of high yield of 
syringol from the depolymerization of organosolv lignin. 
4. Conclusions 
The depolymerization of isolated lignin from eucalyptus wood chips by organosolv 
fractionation and purified by alkaline precipitation pretreatment was studied. The catalysts 
MCM-41 and SBA 15 gave the highest yields of syringol whereas doping ZrO2 on these 
catalysts did not improve the yields. The optimum reaction temperature was 300 °C, and 
16 
 
changing the reaction solvent from water to methanol/water solution (50/50, wt/wt) further 
increased the yield of syringol. 
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Tables and Figures 
Table legends 
Table 1.  Specific surface area and acidity of synthesized catalysts 
Table 2. Yield of phenolic monomers with different catalysts at 250 ºC1 
Table 3. Yields of phenolic monomers at 300 ºC with methanol/water mixture (50/50, wt/wt)1 
Table 4. Yield of phenolic monomers with MCM-41 and SBA-15 at different temperatures1 
 
Figure legends 
Figure 1 Diagram of product separation after lignin depolymerization (*mass balance data 
shown is based on SBA-15 catalyst with methanol/water (50/50) as reaction 
solvent at 300 ºC for 1 h) 
Figure 2 Lignin distribution after reaction with different catalysts at 250 ºC for 1 h 
Figure 3 Lignin distribution after reaction at different temperatures for 1 h 
Figure 4 Effect of temperature on syringol content. Reaction time, 1 h 
Figure 5 Lignin distribution after reaction at 300 °C for 1 h with different solvent systems 
Supplementary Figure 1 FTIR spectra of TOL and residual lignin at 250 ºC for 1 h 
Supplementary Figure 2 GC-MS-identified phenolic compounds in (a) aqueous fraction and 
(b) residual lignin fraction after reaction with SBA-15 at 300 ºC for 1 h  
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Supplementary Figure 3 GC-MS-identified phenolic compounds in (a) aqueous fraction and 
(b) residual lignin fraction (b) after reaction at 300 ºC for 1 h with SBA-15 in 
methane/water mixture (50/50, wt/wt)  
Supplementary Figure 4 Syringol contents in aqueous fraction and residual lignin fraction 
with different solvent systems after reaction at 300 ºC for 1 h         
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Table 1 
Catalysts 
BET surface 
area (m2/g) 
Total acid sites 
(µmol/g) 
Density of acid sites 
(µmol/ m2) 
SBA-15 564 1974 3.5  
MCM-41 592 1768 2.9  
ZrO2-SBA15 442 1193 2.7  
ZrO2-MCM41 489 1027 2.1  
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Table 2  
Catalysts 
Monomers in aqueous fraction (wt%) 
Syringol in 
residual lignin 
fraction (wt%) 
Total 
syringol 
(wt%) Syringol 
1-(4-hydroxy-3,5-
dimethoxyphenyl)-
ethanone 
Butylated 
hydroxytoluene 
4-hydroxy-
3,5-
dimethoxy-
benzaldehyde 
1-(2,4,6-
trihydroxy-3-
methylphenyl)-
1-butanone 
Benzoic 
acid 
No catalyst 1.32 2.55 - - - - 0.53 1.85 
MCM-41 4.01 0.23 0.48 - - 1.97 2.57 6.58 
ZrO2-MCM-41 3.54 0.45 - - 0.77 0.11 3.05 6.59 
SBA-15 3.23 0.85 - - - - 4.05 7.28 
ZrO2-SBA-15 2.78 0.97 - - - - 2.73 5.51 
NiMO/Al2O3 2.45 0.47 - 0.09 - 2.11 3.51 5.96 
1. All the yields were calculated with comparison of the initial amount of lignin.  
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Table 3 
Catalysts T (°C)
Monomers in aqueous phase (wt%) 
Syringol in 
residual 
lignin (wt%) 
Total 
syringol 
(wt%) Syringol 
1-(4-hydroxy-3,5-
dimethoxyphenyl)-
ethanone 
Butylated 
hydroxytoluene
4-hydroxy-3,5-
dimethoxy-
benzaldehyde 
1-(2,4,6-
trihydroxy-3-
methylphenyl)-1-
butanone 
Benzoic 
acid 
MCM-41 
200  0.05  -  -  -  - -  0.05  0.10 
250 4.01 0.23 0.48 - - 1.97 2.57 6.58 
300 5.05 0.24 0.77 0.32 - - 10.01 15.06 
350 5.24 0.09 - 0.05 - - 10.22 15.46 
SBA-15 
200 0.07   - -   - -   - 0.22  0.29 
250 3.23 0.85 - - - - 4.05 7.28 
300 6.35 0.53 - 0.75 0.15 0.89 12.45 18.80 
350 4.97 - 0.39 - - - 11.88 16.85 
1. All the yields were calculated with comparison of the initial amount of lignin.  
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Table 4 
Catalysts 
Monomers in aqueous fraction (wt%) Syringol in 
residual lignin 
fraction (wt%) 
Total 
syringol 
(wt%) Syringol 
1-(4-hydroxy-3,5-
dimethoxyphenyl)-
ethanone 
1,2-
benzenediol 
4-hydroxy-3,5-
dimethoxy-
benzaldehyde 
Phenol
MCM-41 6.88 - 0.52 0.35 0.71 13.53 20.41 
SBA-15 7.19 0.02 1.05 0.61 - 15.84 23.03 
1. All the yields were calculated with comparison of the initial amount of lignin.  
 
